In this paper it is shown that there is a decrease in sound levels, not only when a resonator is tuned exactly to a cavity mode, but also when it is tuned to a frequency slightly different from the natural frequency of the chosen cavity mode. The finite element (FE) method is used for numerical modelling of the coupled Helmholtz resonator-cavity system. To validate the FE model prediction, a boundary element (BE) analysis is performed by specifying an impedance boundary condition on the element where the resonator is mounted. This impedance has been calculated, from a BE model of the resonator alone, using a plane wave excitation, over a range of frequencies around the cavity mode of interest. Numerical experiments have been performed in a cavity with two close modes (155 and 173 Hz) and it is observed that when a resonator is tuned to a frequency slightly lower than the first cavity mode, the performance of the resonator is much better than when it is tuned exactly to the first cavity mode or tuned to a slightly higher frequency. A detailed parametric study has been carried out and guidelines for tuning resonators for superior noise control is proposed.
INTRODUCTION
Low frequency noise problems in cavities can be reduced with the use of Helmholtz resonators (HRs). Most of the literature is related to coupled cavity-resonator systems, with the resonator frequency being tuned exactly to the first cavity mode. The earliest work concerning to coupling of tuned HRs was carried out by Fahy and Schofield [1] in their paper on the interaction between a HR and an acoustic mode of an enclosure. They established that when a resonator tuned to have the same natural frequency as an acoustic mode of an enclosure, is coupled to the enclosure, two new coupled modes are produced of which the natural frequencies lie on either side of the original frequency. The separation between the new frequencies is proportional to the value of a coupling parameter, which increases with the ratio of enclosure volume to resonator volume, and with the modal pressure amplitude at the position of the resonator, and is largest for oblique modes and smaller for axial modes. Later Cummings [2] presented the multi-mode theory for the scattering of the sound field in a cavity by using array of resonators as an improvement on single mode treatments. The Cummings model faced a singularity issue as it is based directly on impedances of the resonators instead of the single-degree-of-freedom (SDOF) model approach by Fahy and Schofield. Li and Cheng [3] have basically replaced the Cummings [2] resonator model with that of Fahy and Schofield [1] . This avoids the singularity problem faced by Cummings [2] . Doria [4] has carried out an investigation on tuning a double resonator to two modes of the cavity. He has also presented the effect of the resonator on higher order modes. He confirmed the results obtained by Fahy and Schofield [1] and presented additional conclusions regarding the enhancement of higher mode frequencies by the resonator. Later Johansson and Mendel [5] in their paper established that the acoustic coupling between closely located acoustic resonators will have significant effect on the resonance properties. They described the coupling by the mutual impedance between the neck openings, and an additive reflection impedance modification to the radiation impedance. Esteve and Johnson [6] have carried out extensive studies on noise reduction using HRs and distributed vibration absorbers (DVA). They showed that lightweight DVA and small HR treatment can significantly reduce the sound transmission in an enclosure as long as the structure and the cavity are lightly damped, which is usually the case at low frequencies in aerospace applications. More recently Nair et al. [7] analysed the coupled resonator cavity system numerically and experimentally and established the effect of damping and increasing resonator volume fraction on the attenuation of the targeted mode. They have confirmed that introduction of a resonator tuned to the cavity mode introduces two coupled modes asymmetrically placed about the original cavity mode and the spacing between two coupled modes increases with increasing resonator cavity volume ratio. They showed that a volume fraction of about 1 % gives adequate attenuation of a cavity mode. Enhancing the damping of resonators, results in higher noise reduction in the frequency range around the targeted mode, for a given volume fraction of the resonator.
Although a fair amount of work has been done on coupling a tuned HR to a cavity, not much has been reported on coupling a HR whose frequency is slightly away from the first cavity mode. The objective of the present work is to study the coupling of HRs tuned exactly to the first cavity mode frequency as well to frequencies slightly different from it. The finite element (FE) method is used for numerical modelling of the coupled Helmholtz resonator-cavity system. A detailed convergence study has been carried out as a very fine mesh needs to be generated at the resonator mounting location. Following this a boundary element (BE) analysis is performed by specifying an impedance boundary condition on the element where the resonator is mounted. This impedance is calculated, from a BE model of the resonator alone, using a plane wave excitation, over a range of frequencies around the cavity mode of interest. The element size on which impedance BC will be specified is chosen such a way that it coincides with the orifice diameter of the tuned resonator.
NUMERICAL MODELLING
Numerical experiments have been performed in a cavity with two close modes (155 Hz, 173 Hz). The finite element method (FEM) and boundary element method (BEM) is used for numerical modelling. A rectangular cavity with cavity length L = 1 m , breadth B = 1.105 m and height H = 0.25 m is chosen for modelling, and a resonator with cavity radius R = 59 mm, cavity length L 1 = 64 mm and orifice radius r = 10.5 mm is chosen for the study with constant cavity volume and orifice radius. Orifice length is chosen as a varying parameter for tuning to cavity mode and near by frequencies.
Resonator modelling with FEM
The rectangular cavity and the Helmholtz resonator is modelled using ANSYS [8] and the cavity natural frequencies and mode shapes are obtained through modal analysis. An orifice length of 49 mm is chosen so that the resonator fundamental natural frequency is exactly 155 Hz. This is the first cavity mode. The air medium in the cavity is modelled and the boundary structure is assumed rigid. A 3D four-noded tetrahedral acoustic element (FLUID30) is used to model the cavity with real constant as reference pressure 20 μPa. The material properties of the fluid (air) are speed of sound c = 348 m/s, density ρ = 1.21 kg/m 3 (air). A rectangular cavity and a cylindrical Helmholtz resonator is modelled using FLUID 30 element and cavity volumes were added together so as to maintain continuous fluid flow through them and were then meshed; rectangular cavity, cylindrical cavity and orifice were meshed separately. A very fine mesh needs to be generated at the HR mounting location as the rectangular cavity is 400 times bigger than the HR. Similarly a very fine mesh is chosen at the connection between the HR volume and its orifice, to attain mesh convergence. A mesh convergence study is carried out to decide the appropriate number of elements. The natural frequencies and mode shapes are obtained using an unsymmetric eigenvalue solver. 
Resonator modelling with BEM
The forced response of the coupled cavity-resonator system is carried out using BEM. In order to couple the Helmholtz resonator to the cavity using BEM, the rectangular cavity as well as the resonator is modelled using a commercial software COUSTYX [9] . An indirect boundary element method is used for prediction of frequencies as well as to obtain impedance values of various resonators, as this method can easily handle resonators with thin boundaries as well as holes on the boundary. Indirect BE approach uses the pressure jump across the surface as the variable in contrast to the direct approach where acoustic pressure is the primary variable. A direct boundary element method (Multi Domain) is used for the prediction of frequencies of the rectangular cavity as it is completely closed. A rigid wall boundary condition is applied on all other faces of the HR. A rigid wall boundary condition is applied on all other faces of the rectangular cavity using uniform normal velocity boundary condition expect on the element where HR is mounted. Impedance BC is applied on the element where the HR is mounted which is to be antinode location. The element size of the rectangular cavity where the tuned HR is mounted is so chosen that it is equal to the orifice diameter of the HR. Impedance values for HR is calculated from the BE analysis using the plane wave excitation on the mouth of the resonator from the design formulae given by Fahy [10] .
The model is created by importing the FEA structure mesh from ANSYS which is refined until further refinement does not alter the results. From the imported FE model a boundary element mesh is generated with 1024 quadrilateral elements for the rectangular cavity and 1719 quadrilateral elements for the 155 Hz tuned single orifice HR with orifice radius of 10.5 mm and thickness/length of 49 mm. Similar BE models are generated for the Helmholtz resonators which are tuned to other frequencies. An orifice length of 55 mm is chosen for 148.5 Hz HR and 46 mm orifice length is chosen for 160 Hz tuning. The material properties of the fluid (air) are speed of sound, c = 343 m/s and density, ρ = 1.21 kg/m 3 . The generated BE model of HR with applied boundary conditions is now excited using a plane wave normally incident on the mouth of the resonator. The Rectangular cavity is excited using a monopole source kept at 0.1,0.1,0.1 m from the centre of the cavity. The amplitude of the source is 10 Pa. A bounded domain is chosen for the rectangular cavity as our domain of interest is on the interior side of the rectangular cavity. Figure 3 shows the schematic of a one orifice resonator with the locations where the acoustic pressures/velocities are extracted. As seen in Figure 3 , one location corresponds to where the source is present and the other is at the bottom centre of the cavity. The other one is close to the centre of the orifice openings. For rectangular cavity measurement twenty measurement locations were chosen for pressure averaging. The analysis is performed for a frequency range of 140-200 Hz with a frequency resolution of 0.5 Hz using the Fast Multipole Method (FMM). A transfer function between the pressures just outside the resonator (at the centre of the orifices) and near the bottom part of the resonator cavity is calculated to identify resonances of HR. Transfer function |
| for the tuned single orifice resonator, indicates a peak at 155 Hz. Figure  5 shows the averaged internal sound pressure monitored on the cylinder with coupled HR. The same procedure is applied to the cavity coupled with multiple resonators.
RESULTS AND DISCUSSION

HR tuned to cavity frequency
From Figure 5 it is clear that the first mode splits into two coupled frequencies on either side of the original frequency as observed by [1] . Since the cavity modes (155 Hz, 173 Hz) are very near, the noise reduced is higher when compared to cavity with well separated modes. When HRs are tuned exactly to 155 Hz, a reasonable reduction occurs at 173 Hz, which shows that in cavities with close modes, resonators are helpful in reducing noise over a broader frequency range. The peaks with 1 HR are at 149 and 158 Hz from the BE simulation, with the 149 Hz peak being smaller; these peaks match with the FEM predictions of the split modes. The HR is mounted on the Z=0.55 m plane, which is antinode location of the first axial acoustic mode of the cavity. Table 1 shows the results for the decrease in sound pressure level (SPL) (dB) with the increase in number of resonators. Figure 5 clearly shows that the frequency spacing between two coupled mode frequencies increases with increase in number of resonators. As the number of resonators is increased more peaks appear (one peak for each HR added from 1 HR). The resonators were placed at different locations of the cavity and the results thus obtained clearly indicates that maximum sound pressure level reduction is observed when they are well separated from each other. 
HR tuned to other frequencies
Three HRs are considered for this case as a base line and numerical experiments are performed by tuning the HRs to three selected frequencies. One frequency is the first cavity frequency (155 Hz) and the others are tuned to 148.5 Hz and 160 Hz respectively. Different combinations were studied among the three selected frequencies. A total of ten combinations were studied. As shown in the Table 2 maximum noise reduction is possible when a HR is tuned to each of the three selected frequencies i.e, 148.5 Hz, 155 Hz and 160 Hz respectively. Combinations where one HR is tuned to 148.5 Hz also showed a good reduction in noise. As observed in the previous section the amplitude of 173 Hz mode is reduced when HRs are tuned to 155 Hz and 160 Hz frequency combinations. Numerical investigations were also performed when the cavity modes are well separated (155 Hz, 245 Hz). As seen in Table 3 when the first two cavity modes are well separated, the amount of noise reduced is less when compared to the case of near by cavity modes (155 Hz, 173 Hz). Figure 6 shows the frequency comparison of 3 HRs tuned to 148.5 Hz, 155 Hz and 160 Hz separately and it is clear that 3 HRs tuned to 148.5 Hz frequency show maximum amplitude reduction. Similarly in Figure 7 Helmholtz resonators tuned to 148.5 HZ frequency combinations are shown, where maximum amplitude reduction is taking place as seen in Table 2 . Therefore, from the present study it is evident that the maximum amount of noise reduction is observed for 148.5 Hz frequency and its combinations. 
CONCLUSIONS
In this paper coupling of resonators tuned to first cavity mode as well as to two more frequencies on either side of the first cavity mode with the cavity has been investigated. These two are very close to the split frequencies that occur when a single orifice HR is coupled to the first mode (155 Hz) of the cavity.
When a resonator is tuned to frequencies which are nearer but not equal to the first cavity mode frequency, higher noise reduction is possible when it is tuned to a frequency slightly lower than the first cavity mode and also in combinations where one of the HRs is tuned to the lower frequency. Future investigation will focus on understanding why maximum reduction occurs when a HR is tuned to a frequencies above and below the cavity mode of interest.
